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municated to lower layers of the sea. This cauee of surface 
currents is of importance to the theory of movement of those 
polar waters which, for several months after the winter ice 
begins to break up, are free from larger wind waves. Deprived 
of i ts  chief sails, the Labrador current, always sensitive to 
wind conditions and a t  times subject to temporary reversal 
with contrary winds, yet preserves and perhaps exceeds, dur- 
ing the period of ice drift, the average velocity of current 
flow for the year. 
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MOVEMENTS I N  THE ATMOSPHERE. 
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The hydrodynamic equations of motion undoubtedly con- 
tain the key to the explanation of all atmospheric niotions, 
but we meet with the great difficulty that  we can not write 
the integrals of these equations for the complex conditions 
occurring in the earth’s atmosphere. I n  order, therefore, to 
introduce rational dynamic methods into ineteorology we 
must endeavor to devise a method by which we may apply 
the dynamic principles contained in these equations without 
integrating the equations themselves. I n  order to clo this, 
we can scarcely suggest a better path than that  followed hy 
von Helmholtz and Kelvin for ideal fluids, when the former 
developed the laws of vortex motion and the latter developed 
the mathematically equivalent laws of circulatory movements. 

As is well known, we attain the origiiial Helmholtz-Kelvin 
theorems when we start  with the equations of motion for fric- 
tionless fluids and supplement these by a restrictive assunip- 
tion, viz, either that  the fluid is homogeneous and incom- 
pressible or that  the density of the fluid is a function of the 
pressure only. It is well known that  this latter assumption is 
as far  from the truth as the assumption that  the atmospheric 
air is frictionless. These theorems of Helmholtz and Kelvin 
also show that  circulatory and vortex motions call have 
neither beginning nor ending, and they therefore leave the 
fundamental question as to the initial formation of these 
motions undisturbed, so that  they have only a very limitecl 
application in meteorology. But in order to attain more 
general theorems that  do contain the laws of the formation 
and annihilation of both circulatory and vortex motions iii 
the atmosphere, we need only follow the same couree of reason- 
ing that  led to these theorems, starting, however, with assump- 
tions of properties that  better represent those of the naturul 
fluids. 

These generalizations are best executed step by step, and iu 
doing this me can proceed according to either of the followiug 
schemes: 

1. With von Helmholtz and Lord Kelvin we start  with t,hc 
equations of motion for frictionless fluids, but in the coiirsc 
of the study we avoid iutrodncing any special limiting assump. 
tions in reference to the density of the fluid. 

2. We develop the corresponding theorems by starting from 
the equations of motion of viscous fluids (namely, those thal 
have interual friction or viscosity). 

A rearrangement of the theorems thus obtained will ht 
found to be important in  order to bring them into the foru 
most appropriate for the proposed applications. 

3. We refer all the theorems to a system of rotating co 
ordinate axes in  order tha t  only the circulatory or vortei 
movements relative to the rotating earth may need to I N  
considered in the proposed applications. 

The first of these three general mdhods  is beyond com 
parieon the most important of all. Through it we attain tc 
an exhaustive treatment of the primary causes of motion i r  
the atmosphere, which, as is well known, are to be sought ir 

,he differences of deniity that  depend upon the temperature. 
rhe second and third general methods only show how the mo- 
.ion already produced is modified in  i ts  subsequent course, 
mrtly by the “deflecting force of the earth’s rotation,” which 
leeks to change the direction of the motion, insofar as we 
:onsicler the latter relative to the rotating earth, and, in  part, 
3y the friction which seeks to smooth out all differences of 
relocity. 

In the following I shall consider exclusively this first gen- 
?ral method aud i ts  applications to meteorology. I n  doing so, 
[ shall deduce the theorem as one relating simply to circula- 
,ion as an extension of Kelvin’s mode of presentation. This 
method has important practical advantages over the mathe- 
matically equivalent form, where we start  with Helmholtz’s 
:onception of a vortex. 

At present I shall give the deduction of the theorem in the 
most elementary form possible, starting out with general dy- 
namic principles and not with the hydrodynamic equations 
if motion. As to other methods of deduction and other forms 
i f  the theorem and other applications than those that are 
purely meteorological, I will merely refer to my previous 
publications.’ I also refer to the memoir by L. SiI~)erstein’ 
who first investigated that  generalization of Helmholtz’s vor- 
tes theorem which is now under ~onsiderat ion.~ 

Of the five sections into which this present memoir is di- 
vided, the first contains the definition of the term “circula- 
tion ” as here used and the deduction of the mathematical 
properties of this conception, eo far as they are needed in the 
auhsecluent sections. The secoiid section describes a genmet- 
rical method of representing the dynamic condition of a fluid 
t h a t  is of equal iniportance to both the deduction and the 
application of the theorem. Finally, the third section gives 
the demonstratioii of the fundamental dynamic theorem rela- 
tive to circulation and the two last sections treat of the ap- 
plications of this theorem to the movemeiits of the atnios- 
phere. I would especially state that  in the preparation of 
these last sections, the esplanation and advice of Dr. N. 
Ekholni have heel: very useful to me. 

I.-CIRCULATION. 

Let 11s consider a continuous chain of fluid particles form- 
ing a clospcl curve. Each of these particles has a definite 
velocity, U, and the component of this velocity, tangential t o  
the curve, is U,. By the summation of these latter compo- 
nents, along the curve, we obtain 

C = [J ,  ds ,  s 
where d s  is R line element of the curve. The quantity, C,  as 
fouucl in t h i s  manner, we will call the circulation of the curve, 
s, as was done by Lord Kelvin? 

I n  reference to this conception of the circulation of a fluid 
curve, it should first be remarked that  we may fiiid i ts  value 
for any given curve in the atmosphere by the observation of 
the wind. As an example, we may consider a curve which 
runs along the earth’s surface as an arc of the meridian from 
the pole to the equator and then returns along a similar 
meridional arc a t  the altitude of the highest cirrus clouds 
from the equator to the pole. As elemeiits of the curve we 
can make use of tiny appropriate degree of bhe meridian, and 
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as  the positive direction of motion along the curve we can 
choose that  which, a t  the earth's surface, passes from the 
pole to the equator and in  its upper portion passes from the 
equator to the pole. The east-west component of the wind 
being perpendicular to this curve does not come into consid- 
eration, but only the north-south component directed along 
the curve. For each degree of the meridian we form the 
product of the mean average north-south wind component 
multiplied by the length of the degree and take the sum of 
the' products. I n  this summation the vertical velocities do 
not come into consideration, first, because the vertical por- 
tion of the curve is inappreciably short in coniparison with 
the horizontal, and, second, because also the vertical veloci- 
ties are very small in comparison with the horizontal. The 
proper velocities a t  the earth's surface are found from the 
ordinary measurements of the wind ; those in the upper re- 
gions from observations of the movements of the cirrus 
clouds. Dividing by the total length of the curve me obtain 
the mean velocity in the direction tangential to the curve. 

The value, C ,  of the circulation for this curve can be con- 
sidered as  a measure of the circulatory lnoveinent of the 
atmosphere between the pole and the equator. The momen- 
tary value of the circulation, as found by using siniultnneous 
observations, as  well as the mean value for longer periods of 
time, such as months, season8, or whole years can he found 
by this method. 

A simple property of integrals of the form ( 1  ) will come 
into play both in the deduction of the fundamental dynamic 
theorem as also in  all practical applications. Consider a 
series of curves, 1, 2, 3, . . . tz adjacent to each other, as in 
fig. 1, and let C,, C2, C,, . . . C ,  be the corresponding values 
of the linear integrals, equation 1. Take t,he sum of all 
these linear integrals, assuming the same positive direction 
of circulation for each of the curves, then, as we can see by 
studying 6g. 1, the linear integrals along every part  of the 
curve that  has two curves in comnion eliminate and clisap- 
pear;  for in the summation the corresponding liiiear inte- 
grals enter once positively and once negatively. The result 
of the summation is, therefore, simply equal to the linear 
integral, C ,  along the outer boundary, viz., 

FIG. 1. 

(2)  = c, + ( I 2  + C', + . . . + (I,,, 

or, in  other words : 
Thc s u m  qf the lineal. integrals  crloiig a series t?f ndjnct-nt 

curves is equal to the linear in t egml  a l o ~ y  t h e  coii i ) i ioti  ( x t c r i w  
boiw dary . 

The circulation between the pole and the equator, mentioned 
above as an illustration, can, therefore, be considered as the 
sum of a series of smaller individual circulations, of which, 
one, for example, may be the circulation in  the trade wind 

region proper ; another, the circulation in the middle lati- 
tudes ; and a third, the circulation in the polar region. These 
individual circulations can be studied quite independently, 
and afterwards we can obtain the total circulation between 
the pole and the equator by simple summation. 

It will now be our problem to find the law according to 
which the circulation of any given chain of particles of air 
changes with the time, under any given dynamic conditions. 
I n  order to prepare for the solution of this problem it will be 
appropriate to investigate the mathematical expression for 
the change of circulatiou with time. 

It will be most convenient to use the rectangular coordi- 
nates s, y, 3. Let dn., dy ,  c k  he the prajections upon these 
axes of the linear element of the curve ds, and let U,, U,, U, be 
the projections upon the same axes of the velocity I/' of the 
point on the curve represented by z, y, z, then the expression 
(1) for the linear integral becomes 

c ) c = f( 1 T\ d.,. + 1 r, tly + 1 Tz d:. 

If we differentiate this expression with reference to the 
time, then we must remember that  the curve is in motion, EO 
that  not only the velocity compouents tr,, U,, UZ, hut also the 
projections dz, dy, d e  of the linear element ds, vary with the 
time. Therefore such differentiation gives 

M'e will first seek the value of the second line on the right- 
hand side of this equation. The differentiation with refer- 

ence to time, indicated by - and the operation hy which we 

have separated the curve into linear elements, in order to 
accomplish an integration along the curve up to a definite 
point of time, are entirely independent operations. We can, 
therefore, interchange the order in which these operations are 
perforwed and can write this second line as follows: 

cl 
t c  

But we know that  the differentials of r ,  y, z,  with reference 
to t ,  are simply the velocity componenta l:,, IT,, U, for the 
point .I:, y, : in the curve, viz: 

so that  the above expression becomes 

But this is the integral of a total differential, and, therefore, 
is 0 when i t  is taken along any closed curve. 

I n  the above espression for the differential of the circula- 
lation, C, with reference to the time, there now remains only 
the first line on the right-hand side, and this has a simple 
meaning. The differentials of t h e  component velocities, 
CTx, ll,, lTL are the components of the acceleration Vof the 
point x, y, 2 of the curve, viz : 

The differential of the circulation with respect to the time 
is therefore 

f i t  = . 1' ( 1: r1.r  + 1: f l ! /  + r7, k.) 
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That is to say, if we designata by V the component of the 
acceleration in  the direction tangential to the curve, we have 

(3)  
or: The  incrense 0-f the circulatiorb oj’ a closed c u r v e i n  n qoiit of 
t ime  is equal t o  the integrul ,  t a k e n  a l o i ~ g  the c u w e ,  of t ha t  co?npo- 
n e n t  of the acrcleration t h a t  i s  ta?igrntinl  to the curiv .  

I n  order to find the dynamic law of the change of the cir- 
culation with the time, we therefore need only to integrate 
the component accelerations due to the individual active 
forces in the direction tangeii tial to the curve. Therefore, all 
accelerating forces tha t  have a linear integral equal to zero 
along closed curves are unimportant. This leads us to a very 
important simplification of our problem, for it is well known 
that  all accelerating forces of a conservative nature have this 
property. Therefore, in  considering the circulation along 
closed curves in  the atmosphere we need never take into con- 
sideration the force of gravity, since i t  is a conservative 
force. 

If a t  the same time we also, in accordance with our assump- 
tions, omit the consideration of friction and the deflectiug 
force of the earth’s rotation, then we shall only have to con- 
sider the accelerating force resulting from the pressure of 
the fluid. The linear iutegral of this force will be easily de- 
termined after we have considered a geoinetrical presenta- 
tion of the dynamic conditione in the interior of gaseous or 
fluid media. 

11.-QEOMETRIC PRESENTATION O F  THE DYNAMIC CONDITIONb 
IN LIQUID OR GASEOUS MEDIA. 

The distribution of the pressure p in any gas or liquid can 
be shown with the help of surfaces of equal pressure or iso- 
baric surfaces for which p is constant The gradient C: is 
perpendicular to the isobaric surfaces, and is directed toward 
the diminishing pressure. If I L  is the normal to an isobaric 
surface, and is directed against the increasing value of the 
pressure ( i .  e. toward the lower pressure), then the expression 
for the gradient may be written 

(4) 

It will be especially convenient to draw the isobaric sur- 
faces for pressure differences of one unit. By a convenient 
choice of units we can always bring it about that  the isobaric 
surfaces shall run close enough to each other to represent 
the distribution of pressure in  the fluid with suficient coiii- 
pleteness. 

The acceleration tha t  the gradient con~municates to a par- 
ticle of fluid depends on the inertia, that  is to say, on the 
density of the particle; i t  is equal to the gradient divided by 
the density, or, still simpler, i t  is equal to the gradieiit iilulti- 
plied by the specific volunie, k, of the fluid particle. I n  order 
to be able to express the distribution of the acceleration su  
far as it depends upon the pressure, i t  is therefore sufficient 
to know the distribution of pressure and a t  the same time 
that  of the specific volume throughout the fluid. This d i e  
tribution can be expressed with the help of surfaces of equal 
specific volume, or isosteric surfaces, for each of which k is 
constant. These surfaces we always think of as drawn for 
each unit  of difference of the specific voliinies and, in doing 
so chooee a unit  of convenient magnitude such that  tlie sur- 
faces lie sufficiently near to each other, in order to represent 
the distribution of the specific volunie in all portions of the 
fluid, with satisfactory accuracy. 

Following the analogy of the gradient, we can define a 
vector, B, by the equation 

( 5 )  
tlk B= ~ 

dn 

where n is the normal to an isosteric surface taken positively 
in the direction of increasing specific volumes. Therefore B 
is a vector quantity that  points in the direction of increasing 
specific volumes and since the niotility of the fluid increases 
with the specific volume, we can call B the vector of motion. 
It will be remarked that  in equation ( 5 )  we have uspd the 
positive sign, whereas in equation (4), defining the gradient, 
the negative sign occurs. A vector quautity (-B),  defined in 
complete analogy with equation (4 ) ,  would in general have a 
direction almost exactly opposite to the direction of the gra- 
dient, since with diminishing pressure an increasing specific 
volume usually follows. On the other hand, the vector of 
motion, B, has approximately the same direction as that  of the 
gradient, (+, and is therefore to be preferred to -B in the 
applications. 

Some general remarks as to the course of the isobaric and 
the isosteric surfaces are important. 

1. It is to be cousiclered that  a n  isobaric surface can never 
come to an end in the interior of a fluid; it must either re- 
enter into itself or else end a t  the boundary surfaces of the 
fluid. The isobaric surfaces in the atmosphere, for instance, 
pither surround tlie whole earth as closed surfaces, agreeing 
very closely with the level surfaces of gravitation, or else they 
end against the surface of the earth which cuts them along 
the isobaric curves that  we draw by means of ordinary baro- 
metric observations. 

The isosteric surfaces have precisely the same property ; 
they can not end in the interior of a fluid any more than can 
the isobaric, but they must continue on until they run into 
themselves or until they end against the bounding surfaces 
of the fluicl. I n  the atmosphere they have, approximately, 
the same course as the isobars ; the upper isosteres surround 
the whole earth, whereas the lower ones intersect the earth’s 
surface along the isosteric curves. 
d second property of the isobaric surfaces is that  two 

neighhoriug surfaces, representing different values of the 
pressure, I ) ,  call never intereect each other ; throughoiit their 
whole course they must be separated froni each other by an 
isobaric layer, which, on i ts  part, has tlie same fundameiital 
property as the surfaces, namely, either returning into itself 
or terminating against the liounclary surfaces of the fluid. 
Similarly, the successive isosteric surfaces are eeparated from 
each other by corresponding isosteric layers. 

These two sets of surfaces together divide the whole space 
into tubulnr or prismatic portions, which we may designate 

and the isosteric layers that  belong to these tuhes, i t  follows 
that the latter also have this peculiarity that  each either runs  
into itself or terminates a t  the boundary surfaces of the fluid. 
If the surfaces are drawn for each unit  difference of pressure 
and of specific volume, we may call the corresponding tubes, 
IrIIit t7rbc.3. If we assiiine that  we use the units just mentioned 
of proper dimensions, then we may cuiisider the correspond- 
ing unit  tubes as infiuitesinial d e n o i f l s .  The cross sections 
of the larger isoharo-isosteric tubes have the form of curved 
quadrilaterals ; the cross sections of the solenoids are recti- 
I 1 near para 1 1 el ograni 8. 

Since the solenoids have this property that  they either re- 
turn into themselves or terminate a t  the I,onndary surfaces, 
therefore, every closed curve in the fluid iiicloses a definite 
bundle of solenoids; the number, A, of solenoids in this 
bundle becomes a simple definite number as soon as the units 
of specific volume and pressure have been chosen. 

as iPnb(L~u- i~oh tEl . i f~  t t  .. From the properties of the isobars 

111.-DEDUCTION O F  THE FUNDAMENTAL DYNAMIC THEOREM 
RELATIVE TO THE CIRCULATION. 

I n  order to investigate the dynamic conditions necessary 
for the existence of circulatory niovenieuts as a conseqnence 
of fluid pressure, we will consider a portion of the fluid 
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so small that  within it we may consider the specific volume 
and the pressure as linear variable qualities. I n  this portion 
of the fluid the isobaric surfaces extend as a set of parallel 
equidistant planes, and the isosteric surfaces as another set 
of parallel equidistant planes. The solenoids are tubes whose 
cross sections form a sy8tem of parallelograms congruent to 
each other. Throughout this part  of the fluid the gradient 
will have an invariable magnitude and direction, and this 
will also be the case with the vector of motion. 

If all particles of the portions of the fluid under considera- 
tion had had equal specific volumes, then the gradient would 
have communicated au equal acceleration to all points, aud 
the result of the effect of the gradient during an element of 
time would have remained a simple pure motion of transla- 
tion superposed upon the previous velocity of this part of the 
fluid. But  on accouut of the variability of the specific vol- 
ume from point to point the different points will take up RC- 
celerations of different amounts, in such a way that  the lighter 
portions will move niore swiftly than the heavier. Thus 

also a rotatory motion, by virtue of which the fluid masses 
are turned around the intersections of the isobaric and isos- 

therefore, the gradient produces not only a translatory but 

we refer both these to the same direction of circulation around 
the curve, y o  k, p1 k,, then they become 

4 
FIQ. 3. 

x., ct cos @ und - to G cos 8. 
I n  order to find the value of the line integral we have to 

motion, B, by the shortest way to the gradient G. 
By reason of this rotation of the fluid masses, there results 

a Circulation of all closed curves consisting of particles of 
fluid. We need consider only plane curves within the small 
portion of the fluid under consideration. The following rule 
will determine t,he direction of the acceleration of circulation 
that  one of these curves experieiices : 

Projcct thc g m d i o i t  a i i d  the i:cctor qf i ) iot io) i  o n  the p l m e  qf 
the  citrve; thrji the acce1cratio)i 0.f circzilntioii i s  dircctcd by thc 
shortcst routc jrona thc 1)rojci*fio)I, B, qf the wcfor  (If motion 
townrd the j m j c c t i o i i ,  G ,  q f J h e  g m d i o n t .  (See fig. 2.)  

teric surfaces as axes, and in the direction from the vector of 

FIG. 3. 

I n  order to find the quantitative law for the resulting accel- 
eration of circulation we recall that  according to formula (3)  
the increase per unit  of time in the circulation is prcpor- 
tional to  the line integral of the component af the accelera- 
tion that  is tangential to the curve. We will first. seek to 
cletermine the value of this line integral of the acceleration 
for the curve produced by intersection of an isobaro-isosteric 
tube with any arbitrary plane. This curve has a parallelo- 
granimatic form, fig. 3, two of whose parallel sides, p o  and 
yl, lie in an isobaric plane and two, I;, and X.,, in au isosteric 
plaue. If h is the distance of the two isobaric planes from 
each other, then the gradient has the numerical value 

Q = 1’1 --Joe 
h 

Since the gradient is perpendicular to the two isobaric 
sides of the parallelogram, i t  cap came no acceleratioii in a 
direction tangential to these lines. But the graclieut forms 
an augle, 1), with the isosteric sides of the parallelogram and 
consequently produces, in a direction parallel to these lines, 
the component accelerations k, G cos -9 and I;, G cos -9. If 

nlultiply these cluantities by the length of the corresponding 
line elemeuts and add the products thus formed. But both 

sides of the parallelogram have the same length, - so 
cos 8’ 

that me fiud ( f i ,  - ko)  Gh as the value of the line integral. 
If we introduce the above value of the gradient, G, this inte- 
gral hecomes 

(x.1- ko) (1’1 - 2’0 ) .  

Finally we may specialize by the assurnption that the 
isobar0 - isosteric tube under consideration is a solenoid. 
According to the definition of the solenoid kl - ko = 1 and 
- p0 = 1, and hence the line integral contains the simple 

numerical value, 1. Therefore, we fincl the simple result: 
Thc  ~i) icreaxejwr i t n i t  c!f t i nw  iji the cirrxlation qf a curw quhich 

i s  the sectioii oj’. .rolr)ioid by  any  yiiv)x ldane h n s  the ?Lzcnvrical 
r u l i ( 6  qf i o ~ i t y .  We have already determined the direction of 
this increase of circulation, and in order to clistinguish the 
two opposite directions from each other we may designate 
the increase of circulation by + 1 when its direction agrees 
with the direction chosen as positive for the movement along 
the curve and by - 1 in the opposite case. 

\Ye easily pass from the reeult just found for the circula- 
tion of a curve, that  is the intersection of a plane with a sole- 
noid to the corresponding general theorem for any curve what- 
ever. Through the given arbitrary curve we draw a surface 
which intersects all the solenoids inclosed within the curve. 
On this surface the solenoids determine a system of parallelo- 
grainmatic curves, each of which receives in the unit of time 
an iucrease of circulatiou of either + 1 or -1. But accord- 
iug to the summation theorem No. 3 for line integrals, the 
line iutegral along the exterior contour is equal to the sum of 
the line integrals along all individual contours, and, there- 
fore, is siniply equal to the number of the included solenoids 
if all turn in the same direction, otherwise it is equal to the 
excess, A, of the number of solenoids turuing positively over 
the number turning negatively. Since this line integral is 
equal to the increase per unit of time iu the circulation, C ,  of 
the curve under consideration, we can, therefore, express the 
result by the formula 

d c A=- 
dt 

If me express the enunieration in question algebraically we 
can consider the number, -4, with its algebraic sign, simply as 
the number of solenoids inclosed within the curve and can 
express the result by the following theorem: 

Thr increase *in (I ~ciiit qf t i m e  i)i the circirlntion qf any  given 
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closed curve is equal to the number qf solenoids inclosed wi th in  
the curve. 

With the help of this theorem we can follow the variation 
with time of the varying value of the circulation of a closed 
chain of fluid particles, provided that  we know a t  every mo- 
ment the courses of the isobaric and isosteric surfaces. The 
number, A,  will vary continually for two reasons: First, be- 
cause the curve is in motion, and, second, because the isobaric 
and isoeteric surfaces vary in consequence of the varying 
form and location of the conditions as to density and pres- 
sure, EO that  the curve incloses a bundle of solenoids that  is 
continually varying. 
IV. - -THE MOST IMPORTANT CIRCULATORY MOVEMENTS O F  THE 

ATMOSPHERE. 

We have already called attention to the general course of 
the isobaric and isosteric surfaces in the atmosphere. In gen- 
eral, these surfaces succeed each other quite accurately be- 
cause the density in general increases and diminishes with the 
pressure. They would be absolutely parallel if the density 
were a function of the pressure only. I n  that case the two 
systems of surfaces would not intersect each other and no 
solenoids would be formed. Under these circumstances the 
circulation of a curve in the atmosphere could be neither 
accelerated nor retarded, but would be a constant character- 
istic of the curve. This is the well-known result to which we 
arrive as the basis of the Helmholtz-Kelvin theory. 

However, the density or the specific volume of the air is 
never a function of the pressure only, bu t  also depends on the 
variability from point to point of the temperature and niois- 
ture. Since the influence of the moisture on the specific vol- 
ume of the air is uuimportant we will in the followiug quali- 
tative study, for the sake of simplicity, consider only the 
temperature. We have then to recall that  when the tem- 
perature is high the specific volume of the air is greater thaii 
would be expected for the given pressure, and when the tem- 
perature is low the specific volume is snialler. Hence in hot 
regions we shall have a t  the surface of the earth the same spe- 
cific volumes of the air that  in colder regions are to be found 
only in the higher layers of air. Therefore, the isosteric sur- 
faces must deviate from the isobaric surfaces, and always in 
such a way that  in hot regions they are lower, in cold regions 
higher than the corresponding isobaric surfaces, There- 
fore, the two sets of surfaces must necessarily intersect each 
other and form solenoids that  cause a circulatory motion of  
the atmosphere. The general nature of this circulatory mo- 
tion is easily deduced from the knowndistribution of pressure 
and temperature with the help of our fundamental theorem. 

First, we may disregard all seasonal and diurnal variations 
of temperature and pressure, and all irregularities of a local 
nature arising from the distribution of land and ocean, or 
from the nature of the earth's surface. Therefore the pres- 
sure will be quite uniformly distributed over the whole globe, 
and will show no important differences in the polar and the 
equatorial regions. Hence the isobaric surfaces will be 
almost exactly parallel to the earth's surface. On the other 
hand, the polar regions have a low and the equatorial regions 
a high temperature, so that  the isosteric surfaces are elevated 
in the polar regions and sink toward the equator. The two 
sets of surfaces intersect each other and form solenoids that 
surround almost the whole earth like parallel circles. A 
meridional section through this system of solenoids is illus- 
trated by fig. 4, in which, as in all the subsequent figures, the 
isobars are represented by fine and the isostere8 by heavy lines 
and the altitude of the atmosphere is much exaggerated. 
The gradient, G, is directed vertically upwards, the vector 
.of motion, B, on the other hand, is inclined soniewhat 
toward the equatorial side, and the acceleration of the cir- 
culation directed from the vector of motion toward the gra- 

jient will produce a circulation by virtue of which the air a t  
;he earth's surface flows from the poles toward the equator, 
uhere i t  ascends and then again flows toward the poles only 
,o sink again in higher latitudes. This is the well-known 
;enera1 circulation between the poles and the equator which, 
?specially in the trade-wind zone, appear as a regular well- 
leveloped movement. 

1 
e 

t 
Fro. 4. 

C'oniiectecl with this lxoad, steady circulation, there is a 
ieries of smaller movements of periodic nature, which all 
irise froin the seasonal and diurnal variations of ternpera- 
,we i n  connection with the irregular peculiarities of the 
>arth's eurfnce. The iniportance of the peculiarities of the 
iurface of the earth depends upon the fact that  the atmos- 
)here is only to a slight extent warmed by direct insolation 
tnd only slightly cooled by direct radiation. It is a t  the sur- 
'ace of the earth that the large variations of temperature 
)cciir i n  consequence of insolation and radiation, and thereby 
he adjacent strata of air are warmed or cooled indirectly. 
I'herefore, the ranges of temperature in this stratum of air vary 
iccording to the peculiarities of the surface of the earth. 

I n  this respect the most important consideration is the dif- 
'erence between land and ocean. The land is warmed by inso- 
ation and cooled by radiation more quickly than is the 
icean. Therefore, the air over the land is warmed more by 
lay and cooled more by night than the air over the ocean. 
rhe isosteric surfaces during the daytime are, therefore, rela- 
,ively high above the ocean and relatively low above the land ; 
,hey must, therefore, intersect the horizon tal isobaric surfaces 
ind form a systeni of solenoids that follow along the coasts. 

A section through this system of solenoids is illustrated by 
ig. 5 ;  the acceleration of the circulation directed from the 
Iector of motion toward the gradient induces a circulation 
iy reason of which the air a t  the surface of the earth flows 
'rom the sea toward the land, where i t  rises, and, after flow- 
ng backwards, sinks again to the sea. A t  night t h e  every- 
,hiiig is reversecl ; the isosteric surfaces then lie higher over 
,he land than over the sea; the solenoids change their signs 
~ n d  induce circulation in the opposite direction. Thus we 
ibserve the well-known phenoniena of the land and sea winds. 

The seasonal change of temperature makes itself felt in the 
lame way as the diurnal change. In  summer the isosteric 
iurfaces over the continents are in general lower and over 
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the oceans higher*han the corresponding isobaric surfaces. 
The solenoids thus formed along the coast produce a circula- 
tion in  which the wind a t  the surface of the earth has on 
the average a direction from the sea to the land rather than 
the contrary. I n  minter the isosteric snrfaces over the con- 
tinents are on the average higher and over the oceans lower 
than the corresponding isobaric surfaces ; the solenoids lying 
along the coast have opposite signs and induce a circulation 
in which the wind a t  the surface of the earth is directed prin- 
cipally from the land toward the sea. Thus we arrive a t  the 
well-known phenomena of the nion~noii winds. 

f--- 

FIG. 5: 

I n  addition to the distribution of land and water, the orog- 
raphy of the earth’s surface comes into consideration. The 
strata of air  warmed by insolation or cooled by radiation 
have the same form as  that  of the surface of the earth hefors 
the conditions are modified by the motions of the air. Above 
a horizontal plane surface the air strata have the form of a 
horizontal disc, and the isosteric surfnces, notwithstanding 
their rise and fall in consequence of the change of temper- 
ature, retain the form of horizontal discs so that they can 
never intersect the isobaric surfaces which also lie as hori- 
zontal planes. On the other hand, on the declivity of a 
mountain the strata of air, warmed by insolation and cooled 
by radiation, have an inclined position. I n  the daytime 
when this layer is warmed more than the eurrounding air, 
the isosteric surfaces, which are horizoiital planes a t  a great 
distance, sink lower if they, when prolonged, intersect this 
layer and cut the isobaric surfaces that  lie as horizontal 
planes. 

t 

+ 
FIG. 6. 

Along the slope of the mountain a system of solenoids will 
be formed, a section of which is illustrated ljy fig. 6. The 
acceleration of circulation directed from the vector of motion 
to the gradient will induce a circulation in which the air as- 
cending along the slope, risesahove the suninlit of the nioun- 
tain only to flow back a t  some upper level and sink down 
again at a greater distance. A t  night time this layer of air 

is colder than the rest of the air ; the isosteric surfaces, whick 
at  greater distances lie horizon tal and plane, lie higher 
within this layer; the solenoids have the opposite sign and 
produce an opposite acceleration ; therefore the cold air flow@ 
downward and sinks to the bottom of the valley, while the 
air pushed thence, ascends and gradually replaces the air that  
has flowed away a t  higher altitudes. This explains the day 
and night winds that  occur regnlarly in  mountainous coun- 
tries, where the day wind is directed from valley to moun- 
tain top, and the night wind from the monntain down to the 
valley. 

This latter phenomenon is more pronounced in proportion 
as the mountain is larger. On the other hand, the smaller 
the irregularities on the surface of the earth by so much the 
feebler the intensity and more irregular the course of the 
solenoids will be. Without causing important winds in 
definite directions a t  the surface of the earth, these solenoids 
will induce local ascending currents of air irregularly dis- 
tributed, which in fine weather are the causes of the forma- 
tion of cumulus clouds. So long ae the ascending masses of 
air  are warmer than the surronnding air the isosteric surfaces 
will have depremions where they pass through these mame8 

1 1 

)f air. A vertical section through euch a column of ascend- 
ng warm air is illustrated in fig. 7, while in fig. 8 is illustrated 
;he extreme case iu which a separate mass of air is so strongly 

c ----t 

1 1 

-+ +- 
FIG. 8. 

aeated that its specific volume is even greater than that of 
;he air lying vertically above it. This mass of air is there- 
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fore surrounded by closed isosteric surfaces which are here 
drawn as  circles. I n  order to simplify the drawing, the vari- 
ation with altitude of the specific volume of the surrounding 
air  is disregarded. I11 both cases the circulatory accelera- 
tion, directed from the vector of motion toward the gradient, 
will produce a circulation in  which the interior light masses 
of air must rise relatively to the exterior heavy air. In the 
last case, in  which the isosteric surfaces are closed, this as- 
cending movement also results as a consequence of the law 
of Archimedes relative to buoyancy. This latter law can, 
therefore, be considered as a peculiarly special case of our 
law of circulation. 

The influence of the rotation of the earth is only slightly 
felt in the land and sea winds or mountain and valley winds 
which depend 011 the alternation of day and night, because 
we have here rapidly changing directions of motion, EO that  
the deflecting force of the earth's rotation can have no long- 
continued accumulative effect. But we can imagine condi- 
tions to exist by virtue of which the air  over a large area of 
the earth may, during many days be heated more than the 
surrounding region. As a consequence of the insolation this 
will occur most easily over extended plains where the venti- 
lation due to the local ascending currents just  considered is 
but slightly effective. On the ocean the warm ocean cur- 
rents surrounded tly cold water can cause such a warmiiig of 
the snperincumhent air  as will continue day and night with- 
out interruption. Within this warm mass of air the iso- 
steric surfaces become depressions. The isobaric surfaces 
can also simultaneously contain depressions, in  coneequence 
of diminished weight and the cousequen t smaller pressure of 
the warm niasses of air. But the depressions of the isosteric 
surfaces mill be the larger hecause these surfaces, in conse- 
quence of diminished pressure must sink precisely as much 
as the isobars, aud because to this depression that  which de- 
pends on the higher temperature must still be added. The 
isosteric surfaces must, therefore, intersect the isobars and 
form a system of solenoids which will surround the hot ~iiasses 
of air like a ring. A section through this system of solenoids 
is illustrated by fig. 9, and shows that the circulatory acceler- 
ation produces a circulation directed from the vector of 
motion toward the gradient, in which the masses of air  flow- 
ing from all sides along the earth's surface rise in the cen- 
tral regions, and higher up  flow away only to descend again 
a t  a great distance. 

+--- - 
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FIG. 9. 

The general movement of the atmosphere is quite analo- 
gous to that  just considered in figs. 7 and 8, except that  the 
preliminary assumptions differ in  two particulars ; the 
heated mass of air has a much greater extension, and the 
conditions are not such that  all are necessarily reversed dur- 
ing the night whether i t  be that  the heating takes place over 
the land, by insolation, or over the sea, by warm ocean cur- 
rents. I n  the resulting long-continued movement of the air 
over great distances the deflecting force of the earth's rota- 
tion makes itself felt and the original radial inflow of the 
air below and the corresponding outflow of the air above are 
turned into movements of ct spiral nature. Therefore, the 

~ 

rotation in  horizontal planes is superimpoeed on the original 
:irculation in vertical planes and the friction alone sets a 
limit to the intensity of the two movements. When the 
movement has attained such an iriteiisity that the motion is 
large in comparison with the forces that  cause i t  then the 
:onditions are such that  for a first approximation me are 
lustified in making application of the Helmholtz-Kelvin vor- 
'ex theorems ; the vortex that is formed will then, so to speak, 
~ d e a v o r  to retain its individuality and can only slowly change 
~y the forces that  act upon i t  to increase or destroy the vortex. 
I'herefore, when the conditions are favorable thereto the whole 
mass of air  under consideration can be carried onward by the 
Tenera1 atmospheric currents while retaining i ts  own vortex 
motion. A progressive movement of the vortex can also be 
brought about, in that  the center itself of the whirl-forming 
Forces progresses, and, therefore, alongside of the old whirl 
,here goes on tt more or less continuous development of a new 
me. Such a transfer of the center of the whirl-producing 
Force8 becomes possible as soon as the movement [of the 
whirl] has progressed so far that  the warm air present within 
,he center is 110 longer the air that  has been warmed i l l  situ 
iy reason of the given local conditions, but is air that  has 
'lowed in from without, for the air flowing in from clifferent 
3ides will, in general, have correspoudingly different temper- 
atures, and, 011 account of this want of symmetry, the place 
where the air is hottest, and where, therefore, the isosteric 
gurfaces have their greatest depresaions, will not coiucide 
with the momentary center of the whirl. The system of 
3olenoids will, therefore, move and a new whirl will form 
dongside of the old one and unite with i t  to form a whirl 
3oniewhat further forward. With the new whirl the same 
process is repeated, ancl we thus get a vortex advancing from 
~ i i e  place to another, a8 n e  observe in the case of cyclones. 
d local surplus would arise because of the many nscending 

:nrren ts in the atniospliere if there mere not also correspond- 
ing clescending n~ovements. This descending niovement can 
?ither he distributed uniformly over large areas, and be, there- 
fore, less noticeahle, or i t  can be localized in more definitely 
limited descending currents of air. This latter will occur 
with special ease when great massea of air  that  are colder, 
'tnd, therefore, denser than the snrrouuding air, have collected 
in the upper strata of the atmosphere. ou account of the 
<rester pressure of the denFer masses of air  the isobaric sur- 
Faces will be higher in this region ; the isosteric surfaces will 
S ~ S O  a t  the sarne time be higher both hecause of the increased 
pressure, causing a rise that  is the same as that  of the isobaric 
3urfaces, and a further addition because of the contraction in 
:oneequence of the lower temperatures. The isobaric ancl 
isosteric surfaces must, therefore, intersect each other and 
Form solenoids that surround the cold masses of air. Fig. 10 - t 

i T 
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FIG. 10. 
represents a section through such a system of solenoids after 
the movement has continued for ~011ie time EO that  the denser 
masses of a,ir have descended to the surface of the earth. The 
wceleration of circulation directed from the vector of motion, 
B, to the gradient, G, will give rise to a circulation in which 
the air in the higher strata flows inward froni all sides, sinks 
lown in the central region, flows slowly along the earth's 
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surface, and ascends again at some distance. If the circiila- 
lion continues for a long time,.then the radial inflow above 
as well as the radial outflow below will change into move- 
ments of a spiral nature in consequence of the influence of 
the rotation of the earth. I n  this way we arrive a t  the 
phenomenon of the anticyclone. 

I n  the preceding development we have adopted the so-called 
physical theory of cyclones and anticyclones, according to 
which an ascending current of warm air  is considered as tlie 
primary cause of the formation of a cyclone and a descend- 
ing current of cold air  as the primary cause of the forniatioii 
of an anticyclone. It is well kiiown that  another theory hae 
also been advanced, the so-called mechanical theory, accord- 
ing to which the primary cause is to be sought in the collision 
between the great atmospheric currents in the upper strata 
of air  ; or the cyclone and anticyclone are to be considered R E  
formations on the edges or bonridaries of the great circula- 
tions of the atmosphere. So far  as I know, no accurate de- 
velopment of the theory of cyclones and anticyclones, based 
on this theory, has been published, and, therefore, we can not 
go into a positive discussion of it. On the other hand, we 
can formulate a criterion by which, through purely empirical 
investigations, we may decide to what extent the physical 
theory gives a satisfactory explanation of the mechanics of 
the formation of cyclones or anticyclones. 

To this end we assume that  we know the distribution of 
density, pressure, and wind a t  every moment since the forma- 
tion of a cyclone or anticyclone. Therefore we can construct 
the isosteric and the isobaric surfaces and find the number 
of the solenoids present a t  every moment, and equally, from 
the observations of the wind compute the circulation along 
different closed curves a t  various times. If now the physical 
theory is correct, then the number of solenoids that  are, or 
have been present must suffice to explain the existing circu- 
lation or velocity of the wind. Of course we can only make 
accurate computations when we also take into consideration 
the friction and the rotation of the earth. But if, for instance, 
we find that in  a cyclone that  has existed for three days, only 
so many solenoids have been present as could, ignoring fric- 
tion, produce only a small percentage of the existing circula- 
tion in  the course of three days, then we must coiiclude that 
other forces have been active in forming the cyclone as well a~ 
those represented by these solenoids. On the other hand, i f  
we find that, omitting the rotation of the earth and the fric- 
tion, the number of solenoids present is snfficieiit to produce 
the existing circulation or wind velocity in the course of a 
few hours, then we must conclude tha t  during the three days 
a great excess of force must have been present i n  order ttI 
overcome during this time the resisting forces not explicitly 
considered. Whether this excess also precisely suffices cau 
be decided only after completely taking account of the earth's 
rotation and the friction. Moreover, i t  is only after we have 
demonstrated the insufficiency of the motive forces that  de- 
pend on the solenoids locally present in the cyclone, that  we 
can have any reason to seek for other causes of formation of 
cyclones and take into consideration the more distant solenoids 
of the general atmospheric circulation. 

This example has a special interest because i t  has to do, 
not with an inipracticable ideal experiment, hut with inves- 
tigations that  can he and, indeed, have already in part  heen 
carried out, although, in truth,  110 cyclone has as yet been 
completely investigated by means of simultaneous observa- 
tions in the upper strata of the air. However, a t  Blne Hill 
they have succeeded in obtaining a section tliroagh a passing 
anticyclone and cyclone by observations, with kites, on four 
successive days, September 21-24, 1898. My pupil, hlr. Sand- 
strijm, has coiistructed the isobaric and isosteric surfaces of 
this cyclone from the observations published by RIr. Helm 
Clayton, so fa r  as was possible by combinations of the ob. 
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servations made on these different days and will, it is hoped, 
soon publish his work on this subject. I will here only re- 
mark that  the number of the existing solenoids found in this 
manner is EO great that  they suffice to develop the strongest 
observed wind velocity in  the course of a few hours. The great 
interest that  is now shown in obtaining observations in the 
higher etrata of the atmosphere leads 11s to hope that  i t  will 
not be long before i t  becomes possible to follow the complete 
history of the development of a cyclone by means of system- 
atic simultaneous observations a t  different places, instead of 
being compelled, as in the present case, to construct a hy- 
pothetical condition for any moment from observations made 
a t  different times. By means of such simultaneous observa- 
tions we shall be able to decide between the mechanical and 
the physical theories of tlie progressive movement of a cyclone. 
If the physical theory is correct, so that  a continuous new 
formation of whirls takes place near the old one, then the 
systeni of solenoids must somewhat precede the whirl proper ; 
if, on the other hand, the cyclone is carried forward by the 
general atmospheric current, then the solenoid system, if one 
is present, will follow the whirl exactly. 

In  the preceding we have for simplicity considered the 
trades, nionsoons, land and sea breezes, mountain and valley 
minds, cycloiies and anticyclo~ies 8s phenomena isolated from 
rach other. Rut in fact  a complete isolation of these sybtems 
of wind from each other is not practicable, but the actual 
(natural)  wiuds always have more or less complex causes, 
and i t  is only in order to  simplify this review of the subject, 
that  we have made use of this schematic andysis into indi- 
vidual phenomena. Any such analysis will seem artificial in 
the direct application of this present theory to practical me- 
teorology, where we observe the existing distribution of dens- 
ity and pressure i n  connection with the existing winds. No 
matter how complicated the coiiditions are we then have al- 
n a p  to do with the real winds and their real causes. Thus 
this present theory differs fiindamentally from the ordinary 
dynamic theories that are founded on the solution of special 
integrals of the equations of motion, and where one must 
first assume a general, farfetched idealization of actual con- 
ditions before the theory can be brought to apply. 

If, therefore, one wonld study the motions of the atmos- 
phere hy wing  the theory here developed, then the problem 
would be to find the actual course of the isobaric and isosteric 
surfaces in the atmosphere, and the courses of the solenoids 
formed by these groups of surfaces. I n  this iiivestigation we 
wi l l  only exceptionally, or in general never. find the ideal con- 
ditions above assumed. We shall never find solenoids that 
precisely follow the parallels of latitude, and, therefore, 
produce pure trade winds. Quite as rarely shall we find sole- 
noids that  follow the coasts, precisely for long distances, and, 
therefore, produce a pure land and sea wind. We shall rather 
find that  the actual solenoicls generally encircle the whole 
globe as tubes or curves of rather irregular form, and that 
they generally have more or less decided changes of direction 
in  the pasmge from land to sea, mid, moreover, are always in 
motion with the change from day to night, and from summer 
to winter. During the daytime, or the summer, the soleiloids 
nver the land deviate toward the polar side ; during the night, 
or in winter, they deviate toward the equatorial side. If we 
inake these actual solenoids the basis of our study we gain 
the advantage that  we see tlie actual windsin connection with 
their actual and coniplete causes. For example the Indian 
nionsoon will thus be seen to be neither a pure land and sea 
breeze nor a pure trade wind, but a combination of land and 
sea wind and trade wind, as it really is. 

For similar reasons one must  not expect to see the circular 
system of solenoids above mentioned always perfectly de- 
veloped in the cyclone and anticyclone. For, simultaneous 
with the local elevation of temperature in  the central region 
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of the cyclone, we have to consider a general diminution of 
temperature from the equator toward the pole. Therefore, 
the ieosteric surfaces in  which local depressions appi’ar do 
not lie parallel to the earth’s surface, but are depressed to- 
ward the equator. Therefore, the intersections of these with 
the isobaric surfaces tha t  run approximately parallel to the 
earth’s surface, as also the corresponding solenoids will, when 
projected on the surface of the earth, appear as shown in fig. 
11. Most solenoids belong to the solenoid system that  en- 

FIQ. 11. 

circles the whole earth ; oiily in the cyclonic region clo they 
have a deviation toward the polar side. Circular solenoids 
iuclosed within the cyclones occur only in the central regiun, 
and only when the depressions in the isosteric surfaces are 
sufficiently deep. All other solenoids ruu as iu fig. 12 where 
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FIG. 12. 

all encircle the whole earth, but  have the ahore-mentioned 
bend within the cyclone region. I11 the study of these actual 
courses of solenoids in  the cyclones we, therefore, see the 
winds of the cyclone in coiinection with the general circula- 
tion of the atmosphere. Here it should be remarked that 
the ordiuary progress from west to east of the cyclone in our 
latitudes can in  general be so represeiited that these hends 
advance like waves in  the solenoid system encirculiug the 
whole globe. 

If 
the physical theory of the anticyclone is correct so that  they 
contain colder air  than that  of their immediate surroundi~~gs,  
then the solenoids surrounding the whole earth must ShO\\ 
bends (curves) in the anticyclonic region which in opposi- 
tion to the bends in  the cyclonic regions must be directed 
toward the equator. 

Quite similar remarks apply also to the anticyclones. 

V.--CONULUDIN(+ REXlARKfi. 

I n  the preceding we have utilized our fundamental theorem 
for the purely quclitative discussion of the most iinportant 
atmospheric movements. But  the theorem itself is a quan-  
titative one and, therefore, allows of an accurate qtiauti- 

tative investigation of the phenomena. However, it would 
:ertainly be premature to immediately use the theorem ae 
the basis of extensive computations of atmorqheric move- 
ments. The formal imperfection due to the fact that  we 
have not considered the rotation of the earth and the friction 
would, for the present, prevent the numerical application. 
But this oniission is not difficult to remedy so far as concerns 
the mathematics. The two generalizations already indicated 
in the introdnction as uecessary, where we take into con- 
gideration the friction and the rotation of the earth consist 
3imply in this, that  we snpplernent the right-hand member 
3f the funclamerital equation ( 6 )  by two terms, the first of 
which is the liue integra1 of the frictional forces taken along 
the curve, and the second is the line integral of the deviating 
Force due to the earth’s rotation. But the most important 
lificiilties are first met with in the applications themselves. 
For the frictional resistance depends on the relative veloci- 
ties of particles of air lyiug near each other and a computa- 
tion of the frictional resistance based on a rational principle 
\vould, therefore, demand a knowledge of the movement of 
the air, not from degree to degree, but froni millimeter to 
millimeter. This circumstai~ce shows that  we must neces- 
3nrily seek another way and that  the iudicated theoretical 
geueralizatioii will not have so great a practical importance 
2s a t  the first glance we should have expected. 

The value of  the theory here detwrihed therefore does not con- 
3ist especially in the formal possibility which it opens up of 
uumerically folluwiiig the atmospheric movenieiits. I ts  great 
importance is rather to he sought in the fact that  the theory 
gives :I rational dynamic principle by which the facts of ob- 
servation call be grouped. I11 this way we shall also provide 
the hest funndation for a future quantitative dynamic mete- 
orology. The prohleni will, therefore, always be simply this, 
to record the numl~er  and location of the solenoids and the 
cnrresponcling di~tr ibut ions mid intmsities of the wind. We 
 hall then, throngh experience instead of computation, learu 
how to take into con side ratio^^ the earth’s rotation and the 
atmospheric friction. I n  the case of periodic winds of short 
pr iods,  such as the laud and sea breezes or the mountain 
ancl valley winds that follow the alternationsof day and night, 
we shall probal)ly find that  the actual circulation does not 
vary much frnm the values that  are computed by our theorem, 
which neglects the rotation of the earth and the friction, 
siiice in these cases the work dona by the solenoids coiisists 
essentially in overcoming the inertia of the masses of air. 
On the other lia11c1, the study of the number of solenoids and 
the strength of the winds i n  the case of periodic winds of 
long period like the h1onsoon, or the steady winds like the 
Trades, will probably lead u s  to a knowledge of the condi- 
tions of equilihrinm I)etweeii the moving forces represented 
hy the solei~uids and the resistances that  arise in coiisequence 
of the state o f  steady motion. In cyclones we shall have 
nccasion to study three stages: that  of accelerating motiou, 
where the inertia is the important resistance; that  of steady 
motion, where the solenoids just suffice to maintain the move- 
ment that has I,ePn produced against the resisting forces; 
finally, the diminishing mtrvemeiit, where the resisting forces 
are overpowering. Ail accurate knowledge of cyclones from 
this point of view may Ile of special importance for weather 
prediction. Prom the number of solenoids we may con- 
clude to what extent the wind will increase or decrease in 
intensity in the immediate future. Everything depends 
siniply 011 whether we can ohtain a sufficient number of 
systematic observations from the upper strata of air, and the 
technical details of this class of ol~servations are already so 
far developed that  i t  can 110 longer be doubted that the ob- 
servations niay he obtained with such regularity that  they can 
be utilized in daily weather predictions. 

I u  this connection I will further remark that  the theory 
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here developed can lie applied to the movements of the ocean 
just  as  to those of the atmosphere. I n  the ocean the temper- 
ature and the saltness play the same part  in  changing the 
density as do the temperature and the moisture in the case of 
the atmosphere. Eventually the theory also retains its ap- 
plicability when we consider the atmosphere and the ocean 
together as one fluid medium. This is of great importance 
because of the extensive interactiou between the niovemerits 
of the air and of the ocean. Hence an excellent opportunity 
for the simultaneous solution of great iiieteorological and 
hydrographic problems will be afforded if the plans projected 
a t  the Hydrographic Congress in Stockholm in 1599 can be 
realized, so that  the hydrographic expeditious sent out many 
times yearly by the participating nations can also carry 
meteorologists with instruments for the investigation of the 
upper strata of the air. In this respect the North Atlantic 
Ocean in  the autninn and winter will oRer especial interest. 
Perhaps i t  will here be possible to study the developnient of 
cyclones that  probably often form 0\7er the region of the 
Gulf Stream, and therewith simultaneouely measnre tlie 
quantity of heat given out Isy the ocean and consunled ill 
cyclonic formation. --.--- 

THE PORT0 RICAN HURRICANE OF 1899. 
By C. 0. PAULLIN, Nautical Expert, Unlted States Hydrograyhlc Office. 

Soon after the occurrence of the Porto Ricaii hurricane of 
1899, the United States Weather Bureau published a com- 
plete account of the passage of this storm through the West 
Indies and along the American coast. The daily maps of 
conditions over the Atlantic Ocean, compiled by the Tinitecl 
States Hydrographic Office from the reports of i ts  voluntary 
observers, make i t  possible to furnish some additional infor- 
mation of exceptioiial interest to meteorologists concerning 
this storm, both previous and subsequent to the period of its 
history covered by the Weather Bureau. 
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FIG. 13.-Greenwicln nuuii, Augubt I;, 1SW. 

The tropical storms of the North Atlantic generally origi- 
nate to the eastward of the Lesser Antilles within the helt of 
calms which covers the ocean from latitude 5 O  to 1 5 O  north. 
Owing to the scarcity of observing vessels in this part  of the 
Atlantic, and the relatively small area which the hurricane 

here attains, reports of these storms to the eastward of the 
6ftieth meridian are seldom received. Information concern- 
ing tropical storms a t  or near their place of origin is, conee- 
quently, almost wholly lacking, and much interest attaches 
to the report of the British steamship Gmnyense, which ves- 
sel encountered the late hurricane 1,800 miles east by south 
2f the Island of Guadelonpe. The Grungease passed through 
the center of the storm and took very careful and complete 
>bservations, warranting the publication of her log in full, 

At  noon of August 3, when in  latitude 11' 51' north, longitude 3 5 O  42' 
aebt, we experienceit a sudtlen change in the  weather, which, being 
most uiiusual in this part of the world, is worthy of note. Early in  the  
ifternoon tlie lmrometer began slowly to fall from 99.93 inches. A t  2 
p. m. it stood 99.i3, the  sky becoming overcast with curnulo-nimbus 
:loutls ani1 the  win11 freshening to a moderate gale from north- 
northnest. At 4 1'. m. the  baronieter read 29.53 inches, the  wind re- 
maining from the  same direction with force increased to a fresh gale, 
tccornlianied with heavy rain. A t  5 p. m. the barometer reached its 
lowest reallinp, 99.3s inches, while the wind fell calm and the rain 
-eased; very heavy nimbus clouds traveled overhead a t  a high speed 
from the suuthwest and a high, short, and dangerous sea from the 
northeast, caused tlie ship to pitch heavily and made it necesclary to 
let her head fall off to the east i n  ortler to make headway, the ship 
Ibeing very light. At 6:30 p. m. a light breeze came out of the south- 
,outtinest and the barometer rose to 29.43 inches, clearly indicating 
lint the  center had passed. At i p. m. t h e  wind increased to a strong 

wuth-southn est pale, with excessive rain beating clown the northeast 
aea and enabling 11s to return to our course, northeast one-quarter east. 
At S 1'. ni. the  barometer stood at '79.5s inches, with a moderate gale 
hauling grailrially southward. After two heavy fiqualls a t  10 p. m. the  
weather cleared; Iinrometer 99.73 inches, steadily rising; sea coming 
1 1 ,  fnim south-southeast; sky clearing and stars shining out again; 
Strong Iirerze l i a u l i ~ ~ ~  to east. And so finished this little storm which 
jhowe(1 all the byniptonis uf a genuine West Intlian hurricane unde- 
relopcl, w i t h  the  exception of the  Rea in the vortex, which, instead of 
heiny confused, caiiie almnst sud~lrnly from the northeast, and re- 
rnainerl from that quarter until the  Kind and sea from the receding 
Fernicircle overwhelme(l it. Captain Spetlcling, who has been in this 
pnrticiilar trade, from Europe to the river Amazon, for many years, 
tnd many others 011 boartl who have been long acquainted with these 
regions, say they have never experienced any weather of a cyclonic 
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FIG. 14.-Greenaich noon, August lS, 1899. 

From the foregoing log it appears that  when the G~ai?ye?ise 
mcountered the hurricane i ts  development was not complete. 
rhe esceediiigly low barometer which characterizes the tropi- 
:a1 storm in its maturity was lacking, and neither the winds 
lor the sea had as yet attained clangerous violence. A t  
,he same time, according to the above account, this storm 


